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Abstract 
In this paper, the problem of accuracy control of machined complex profiles is investigated. Presented are schemes of the 
mechanical load of the cutting tool as a function of the current angle of the machined profile. A simple method for compensating 
the profile error caused by mechanical deformations is suggested. Presented is an algorithm for the automatic measurement of the 
machined profile and for the compensation of the profile error. 
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1. Introduction 
Surfaces with complex shapes, machined on CNC lathes, are various combinations of straight lines and circular 
arcs forming external (Fig. 1(а,b,c) or internal (Fig. 1(d)) surfaces, recesses (Fig. 1(b, c, d)), bosses (Fig. 1(а)), radial 
(Fig. 1(а, b, c)) or facial (Fig. 1(d)) surfaces, which are all rotationally symmetrical. 
One of the major characteristics of a cutting tool for machining such surfaces (Fig. 2) is its elongated body and 
unequal strength in different directions during profiling the surfaces. As a result, the deviation of the machined 
profile varies in different directions, and it is influenced by the variation of the machining allowance and hardness of 
the machined material. It also changes with cutting tool wear. 
 
 
* Corresponding author. Tel.: +353-1-700-8300; fax: +353-1-700-5345. 
E-mail address: szecsit@dcu.ie 
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Scientific Committee of MESIC 2015
522   S. Koleva et al. /  Procedia Engineering  132 ( 2015 )  521 – 528 
The profile error is especially emphasised after machining of heat treated (quenched) parts. The solution to this 
important problem is to monitor the profile and compensate for errors when machining the next part. It has to be 
performed both at the initial cutting tool setup and periodically to compensate for the effect of current factors. 
 
 
Fig. 1. Complex surfaces machined on CNC lathes: (a) boss; (b) radial symmetrical recess; (c) radial non-symmetrical recess; (d) facial recess. 
The inspection of such profiles can be performed with the help of template parts, touch probes, and coordinate 
measuring machines (CMM). In the first case, the inspection of the deviation of the machined profile from the 
theoretical profile is performed visually, and if corrections are needed its value depends entirely on the experience 
and subjective opinion of the operator. Even if the source of the error is known its full compensation is not 
practically possible. However, the inspection is performed on the machine tool itself and if secondary machining is 
necessary re-setting the workpiece is not needed. 
Inspection of the profile with touch probes on the machine tool allows for exact measurement of the profile after 
machining. Its drawback is that it is necessary to invest in additional inspection equipment, the machining cycle is 
prolonged, and touch probe tips with special shape are necessary in order to reach the controlled points of the 
surface, which is even more complicated for internal surfaces.  
In the third case the inspection is performed on a stand-alone CMM which is not convenient for operational 
inspection. 
One of the major factors that influence the accuracy of complex profiles is the mechanical deformations. From 
this point of view, the inspection of the machined contour using the cutting tool itself is a low cost solution for 
accuracy control [1,3,5]. 
2. Methodology 
In order to develop an approach and scheme for inspecting complex profiles it is necessary to analyse the 
influence of the factors that cause deviation of the machined profile. In connection with this, a detailed study of 
machining the part in Fig. 1(b) is performed. 
Machining of this type of surfaces is usually performed using a round shape insert (Fig. 2) [2,7]. There are two 
options for profiling the surfaces during semi finishing and finishing cuts: single-directional and bi-directional 
contouring. Single-directional contouring (Fig. 3(a)) means that machining starts at one end of the profile and 
finishes at the opposite end; the whole contour is machined at once. In bi-directional contouring (Fig. 3(b)) the 
profile is followed from one end up to its lowest point, after which the cutting tool is withdrawn and the profile is 
followed from its other end again up to its lowest point. For both cases, the trajectory of the cutting tool in Fig. 3 is 
shown using numbered points corresponding to the sequence of the path. 
The cutting tool machines the various points of the profile with various points along the cutting edge (Fig. 2). 
Most of the deviations of the machined profile from the theoretical one are influenced by the mechanical 
deformations in the direction of dimension-forming. The mechanical deformations depend on the radial (Fp) and 
feed (Ff) force components and the strength of the cutting tool, and they all vary depending on the direction of 
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dimension-forming. The strength of the cutting tool in the direction of the axis of its body (axis X) is much higher 
than its strength in the direction perpendicular to its axis (axis Z). Because of this, the profile error can be calculated 
as the projection of the mechanical deformations along axis Z in the direction of dimension-forming. 
 
 
Fig. 2. Cutting tool for machining complex profiles. 
The mechanical deformations of the tool in the i-th point can be expressed as: 
ݕ௜ ൌ ௣೔௝೥ ൫ܨ௣ܿ݋ݏ
ଶߙ௭೔ േ ܨ௙ݏ݅݊ߙ௭೔ܿ݋ݏߙ௭೔൯ ൌ
ி೛௣೔
௝೥ ൫ܿ݋ݏ
ଶߙ௭೔ േ ݍݏ݅݊ߙ௭೔ܿ݋ݏߙ௭೔൯  (1) 
where:  
୸ – strength of the cutting tool in the Z direction at its length L (Figure 2);  
Ƚ୸౟ – current angle between the radial force component and axis Z;  
 
݌௜ ൌ ቀ௅ା௥ഄ௦௜௡ן೥೔௅ ቁ
ଷ
– parameter reflecting the variation of the strength of the cutting tool depending on the position 
of the dimension-forming point along its cutting edge Pc at angle ߙ௭೔, its length L and radius of the insert rε (Fig. 2);  
ݍ ൌ ி೑ி೛  – ratio of the force components. 
 
Fig. 3. Schemes for profiling complex contours. 
During single-directional contouring the load on the cutting tool is different for the left and right hand side of the 
profile. The reason for this is that the feed force Ff acts in different directions in the two sections of the profile (Fig. 
3(a)). During machining of the left-hand side of the profile the action of the two force components is added, which 
leads to larger deformations of the cutting tool, resulting in higher deviations of the machined profile. 
In Fig. 4, the function of the relative deviation of the profile caused by mechanical deformations ݒ௜ ൌ ݂ሺߙ௭೔ሻ 
from the current profile angle ߙ௭೔  is shown for different force component ratios. It can be expressed as ݒ௜ ൌ
݌௜൫ܿ݋ݏଶߙ௭೔ േ ݍݏ݅݊ߙ௭೔ܿ݋ݏߙ௭೔൯ ; (݌௜  is defined for one particular case where ܮ ൌ ͵Ͳ and ݎఌ ൌ ͷ). In the 
figure is also shown the influence of the profile angle on the deformations of the tool. In Fig. 4, the basis, relative to 
which other values are measured (value 1) is at  ߙ௭೔ ൌ Ͳ. 
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Fig. 4. Variation of the deformations at single-directional contouring. 
In the right-hand side of the profile, due to the influence of the projection of the radial force at Fp=Ff a negative 
value for the strength of the cutting tool can be seen. This means that instead of being pushed away from the 
workpiece, the cutting tool cuts into the machined profile. The deviation of the radius is higher in the left-hand side 
of the profile. With the increase of the radial force component Fp the balancing action of the axial force component 
decreases, and regardless of the fact that there are yet again differences in the left and right-hand side of the profile, 
its influence is lower. It can be proven that at Fp=5Ff  the phenomenon of negative strength disappears. 
During bi-directional contouring (Fig. 3(b)) the action of the cutting forces is the same for both halves of the 
profile, so the deformations are identical. This is shown graphically in Fig. 5; the basis (value 1) is at ߙ௭೔ ൌ Ͳ. 
Based on the results from the analysis it can be concluded that the highest deviation of the profile caused by 
mechanical deformations occurs when the current angle is 0° or 180° or near them. 
 
Fig. 5. Variation of the deformations at bi-directional contouring. 
Profile error compensation can be done in two ways: 
x by programming a new path of the tool in accordance with the measured deviation of the profile; 
x by changing the dimension and position of the programmed contour. 
 
In the first case, the programmed path (circular arc) is corrected by the measured error. The new path is described 
using linear approximation, or (as is the case with newer systems) spline interpolation can be used where the path is 
approximated with higher order curves. In order to define the new path it is necessary to scan the profile while the 
step is defined based on the accuracy necessary for correcting the path. For processing the data from scanning the 
profile the spline functions of CAD/CAM systems can be used. The accuracy of the corrected profile is high, but if 
the mechanical deformations vary (due to cutting tool wear, variation of the hardness of the machined material) 
there may be additional profile errors.  
The second method is not connected with editing the CNC programme, but with modifying the dimension and 
position of the programmed path. A new radius of compensation is introduced, and according to it a new correction 
is made which leads to the correction of the path in the X (radial) direction. With the method described above it is 
-1
0
1
2
3
4
5
0 20 40 60 80 100 120 140 160 180
Influence of the profile angle on
the deformations of the tool
Deviation of the profile at Ff=Fp
Deviation of the profile at
4Ff=Fp
ߙZi [deg] 
vi (at 4Ff = Fp) 
pi 
vi (at Ff = Fp) 
-1
0
1
2
3
4
5
0 20 40 60 80 100 120 140 160 180
Influence of the profile angle on
the deformations of the tool
Deviation of the profile at Ff=Fp
Deviation of the profile at
4Ff=Fp
ߙZi [deg] 
vi (at 4Ff = Fp) 
pi 
vi (at Ff = Fp) 
525 S. Koleva et al. /  Procedia Engineering  132 ( 2015 )  521 – 528 
possible to compensate the deviation of the profile to an extent that the real profile is fit into the given tolerance 
range IT between the maximum (Rmax) and minimum (Rmin) radii (Fig. 6). This method can be realised easier in real 
machining environments and its measurement cycle is shorter. It is performed periodically at cutting tool wear or 
replacement of the insert. 
 
 
Fig. 6. Fitting the profile error into the machining allowance. 
The value of the compensated deviation of the real profile can be defined using the geometrical relationships in 
Fig. 7. The given profile of the surface is defined with a radius. After machining, the elastic deformations defined 
theoretically by equation (1) cause deviation of the real profile from the theoretical one. Coordinate measurements 
of the profile are performed by the cutting tool in three points where the rules for selecting them is described below. 
The difference οܴ between the theoretical (ܴ௧) and measured (ܴ௠) radii is calculated as οܴ ൌ ܴ௧ െ ܴ௠. 
 
Fig. 7. Geometrical relations between the real, theoretical and corrected profiles. 
The radius compensation is corrected by οܴ and the centre of the circular arc is displaced vertically (along the X 
axis) by this value. The equations of two circles with radii ܴ௧ ൅ οܴ and ܴ௧ ൅ ݕ௜௖  are defined which pass through 
point Bi. 
ሺܴ௧ ൅ ݕ௜௖ሻଶ ൌ ܼ௜ଶ ൅ ௜ܺଶ   (2) 
ሺܴ௧ ൅ οܴሻଶ ൌ ܼ௜ଶ ൅ ሺ ଵܺ ൅ οܴሻଶ   (3) 
ݕ௜௖ is the value by which the deformations in the i-th point are compensated. After rearranging (2) and (3) and 
relating them to the coordinate ܼ௜ we get: 
ݕ௜௖ ൌ οܴ െ οܴ ௑೔ோ೟   (4) 
R
min 
R
max
 
IT 
Real profile 
R
m
 
R
t
 
Rt + ΔR 
O 
Oc 
ΔR
 
B
i
 
Z
i
 
X i
 
ߙ୸౟ A 
526   S. Koleva et al. /  Procedia Engineering  132 ( 2015 )  521 – 528 
It can be accepted with negligible error that:  
௑೔
ோˊ ൎ ݏ݅݊ߙ௭೔    (5) 
From (4) and (5) we finally get: 
ݕ௜௖ ൌ οܴሺͳ െ ݏ݅݊ߙ௭೔ሻ   (6) 
In order to have full error compensation it is necessary that the correction equals the deformations: ݕ௜௖ ൌ ݕ௜ . 
Equalling the right-hand side of the equations we get: 
οܴሺͳ െ ݏ݅݊ߙ௭೔ሻ ൌ
ி೛
௝೥ ݌௜൫ܿ݋ݏ
ଶߙ௭೔ േ ݍݏ݅݊ߙ௭೔ܿ݋ݏߙ௭೔൯ (7) 
ሺͳ െ ݏ݅݊ߙ௭೔ሻ ൌ ݌௜൫ܿ݋ݏଶߙ௭೔ േ ݍݏ݅݊ߙ௭೔ܿ݋ݏߙ௭೔൯   (8) 
οܴ ൌ ி೛௝೥    (9) 
Consequently, the introduced correction οܴ ൌ ܴ௧ െ ܴ௠ has to correspond to the mechanical deformations in the 
direction perpendicular to the axis of the body of the cutting tool (ߙ௭೔ ൌ Ͳ).  
 
Fig. 8. Deviation of the profile before and after correction. 
In Fig. 8 are shown the profile deviation due to mechanical deformations yi, the introduced compensation yic, and 
the difference Δyic between them (which is the profile deviation after correction) as a function of the profile angle 
ߙ௭೔. All values are relative to the basis (value 1) at ߙ௭೔ ൌ Ͳ. From the figure it can be seen that regardless of the 
differences in the mathematical equations describing yi and yic, the difference between them is less than 20%. This 
result allows us to consider the use of this method of compensating machining errors caused by the variation of the 
strength of the cutting tool not only simple but also having sufficient accuracy. 
In practice, it may be necessary to machine surfaces whose profile is formed by circular arcs of different radii. 
The profile in Fig. 9 is composed of two circular arcs. The first one is part of the circle with centre О1, radius R1,t 
and length ܣܤ෢ , defined by the central angle ߙଵ. The second arc is defined similarly by parameters О2, R2,t, ܤܥ෢  and 
ןଶ. After machining, the real profile of the surface is composed of segments А1-В1 and В1-С. It differs from the 
theoretical profile by the values yA and yB defined by equation (1). Using the selected method of correction, the 
displacement of the whole machined contour is performed with the same value of radius compensation. In order to 
have the minimum difference between the introduced correction ୧ୡ and the actual deviation yi, it is necessary to 
calculate the radius compensation for the segment А1-В1 where the mechanical deformations are higher. The value 
of the introduced correction οܴଵ is the difference between the radii of the theoretically defined ( ܴଵǡ௧) and measured 
(ܴଵǡ௠) circles. 
The corrected programmed contour is with radii ܴଵǡ௧ ൅ οܴଵ and ܴଶǡ௧ ൅ οܴଵ of the two segments, accordingly. 
The centre of the corrected first segment is ଵܱǡ௖. 
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Fig. 9. Corrections of the profile containing two circular arcs. 
At higher volume production of the parts it is feasible to combine the two methods of compensating the profile 
error where the first method compensates for the constant part of the deviations and the second method – the current 
deviations.  
For automatic measurement and correction of the profile error it is necessary to develop special software using 
parametric programming. The algorithm, based on which dimension control is developed for the phases of initial 
setup and re-setup includes the following steps: 
1. Entering the initial data for the controlled profile 
2. Calculations, connected with the actual measurements 
3. Measurement of the machined profile 
In this research, the method of measuring the machined profile with the help of the cutting tool is used [1, 3]. The 
suggested method is only applicable for CNC machine tools that have a built in system for automatic setup and 
integrated system for measuring the machined surface using the cutting tool [1,3,4,5,6].  
In Fig. 10, the two characteristic schemes of measuring the machined profile are shown. Movements shown with 
double arrows designate rapid traverse, whereas with single arrows – linear interpolation. The movements from 
point 1 to point 5 are part of the measurement cycle for defining the position of the profile relative to the datum of 
the part in the axial direction. At operational measurements this part can be omitted and profile measurement starts 
in point 6. The definition of the radius and centre of the controlled surface is performed by at least three points. In 
order to increase measurement accuracy, it is recommended that in each point at least three measurements are taken 
and the results are averaged. 
The measurement points should have a maximum distance between them in order to decrease the effect of the 
positional errors and deviation of the profile on the measurement accuracy.  At tighter accuracy requirements, in 
order to minimise the effect of the surface shape error it is recommended to perform the measurements in more than 
three points while the principle of having the points at maximal distances stays in effect. In this case, optimisation of 
the accuracy and duration of the measurement cycle is reached through repeated measurements. 
 
4. Calculating the average value of the centre and radius of the circle of the profile Rc using the three points 
5. Defining the difference between the calculated (Rc) and theoretical (R) radii of the profile 
6. Defining the displacement of the centres DоX and DоZ of the calculated and theoretical profiles 
R
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Fig. 10. Measurement cycles for profile inspection. 
The lack of coincidence in the Z direction is present only at single-directional contouring and as it has already 
been explained, it is not the result of the displacement of the contours but rather of the difference in form of the 
profiles in the two segments. This means that with this algorithm there is no need to make any correction in the Z 
direction. 
 
7. Correction of the profile 
 
The described algorithm has been used extensively under real manufacturing conditions during machining of a 
large number of rotationally deforming rolls for the production of arc-welded pipes and profiles. These rolls were 
machined from X12 tool steel and were hardened to HRC60-62. The required accuracy of their shape was less than 
0.05 mm which required the implementation of the method described in this paper. 
3. Conclusions 
x Machining of surfaces with complex shape on CNC lathes is connected with deviations from the theoretical 
profile due to the varying strength of the cutting tool during contouring. At limited stability of the tool and tight 
requirements for accuracy it is necessary to compensate for the constant and systematic errors. 
x Automatic inspection of the complex surfaces machined on CNC lathes is possible by measuring the machined 
profile using the cutting tool itself. 
x Through the application of measuring the profile using the cutting tool and by implementing the developed 
method for compensating the errors from the mechanical deformations it is possible to achieve a result where the 
uncompensated part of the deviations is less than 20%. 
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